A series of Mn rich Ni 50 Mn 37Àx Cr x Sb 13 Heusler alloys have been investigated by dc magnetization and electrical resistivity measurements. Due to the weakening of the Ni-Mn hybridization, the martensitic transition shifts to lower temperatures with increasing Cr concentration, while the saturation magnetization at 5 K increases. The magnetoresistance and exchange bias properties are dramatically suppressed with increasing Cr concentration. The observed behaviors suggest that substitution of Cr for Mn in Ni 50 Mn 37Àx Cr x Sb 13 Heusler alloys not only destabilizes the martensitic phase but also enhances ferromagnetism in the system. The possible mechanisms responsible for the observed behavior are discussed. Since their discovery in 1903, Heusler alloys 1 have been a subject of intense research interest due to the diverse magnetic properties they exhibit. These ternary intermetallic alloys have the general formula XYZ (called Half-or semiHeusler) or X 2 YZ (full Heusler alloys), in which X and Y typically are transition metals and Z is a main group element. Both of these Heusler alloy families exhibit cubic structures with four interpenetrating FCC sublattices. X 2 YZ (also expressed as X 50 Y 25 Z 25 ) crystallize in the L2 1 structure where two of the sublattices are occupied by the X-atoms. The XYZ Heusler alloys exhibit the C1 b structure where one X-atom sublattice remains unoccupied. Further details are available in, e.g., Ref.
2.
Among the full Heusler alloys, Ni 2 MnGa is perhaps the most well known because it undergoes a martensitic phase transition at 202 K, during which the high temperature L2 1 phase (austenite) of the alloy transforms to a low temperature phase (martensite) with a lower symmetry. In the martensitic phase, the alloy exhibits ferromagnetic shape memory properties. 3 Currently, a series of Mn rich Ni 50 Mn 50Ày Z y (Z ¼ In, Sb, Sn) Heusler alloys are also being paid extensive attention because they also exhibit martensitic phase transitions. [5] [6] [7] [8] [9] In the vicinity of the transition, large magnetocaloric effects, 3 large magnetoresistance, and exchange bias effects are observed. 4 Unlike Ni 2 MnGa, where both the martensitic and austenitic phases are ferromagnetic, both antiferromagnetism and ferromagnetism exist in the martensitic phase of these Mn rich Heusler alloys, whereas the austenite exhibits ferromagnetic correlations. 10 While this coexistence of different magnetic interactions in the martensitic phase results in the observation of exchange bias behavior, 11, 12 the change of magnetism during the martensitic phase transition results in the observation of large magnetic entropy changes 6, 13 and magnetoresistance. 14, 15 Thus, the multifunctional properties of the Ni 50 Mn 50Ày Z y Heusler alloys not only depend on the martesitic phase transition but also depend strongly on the strengths of the magnetic interactions in the two phases.
It has been recently shown that the hybridization between the Ni atoms and the Mn atoms on the Z sites is an important driving force for the martensitic transformation in Mn-rich Ni-Mn-Z full Heusler alloys. [16] [17] [18] Based on the results of first-principles calculations and extended x-ray absorption fine structure (EXAFS) studies of NiMn-In full Heusler alloys, it has also been suggested that the Ni-Mn hybridization may be responsible for the magnetic properties, especially the antiferromagnetic interactions in the martensitic state, of the alloys. 18, 19 According to these suggestions, a stronger hybridization would result in a stronger antiferromagnetic exchange and a weaker hybridization would imply a weaker antiferromagnetic exchange. Thus, the net ferromagnetism of the alloy would be enhanced with the weakening of the hybridization. Recently, we showed that partial replacement of Mn by Cr in Ni 50 Mn 37Àx Cr x Sb 13 Heusler alloys results in the destabilization of the martensitic phase due to the weakening of the Ni-Mn hybridization. 15 From both scientific and applied points of view, it is interesting to explore how the magnetic properties of these alloys change with Cr substitution. If the strength of the Ni-Mn hybridization really plays a dominant role in influencing the magnetism of these alloys, Cr substitution is expected to weaken the antiferromagnetic (AFM) interactions of the martensitic phase and strengthen the net ferromagnetism of Ni 50 Mn 37Àx Cr x Sb 13 alloys. Such an observation would provide a strong indication that not only does the strength of Ni-Mn hybridization determine the AFM interactions in Ni-Mn-In based Heusler alloys, as suggested in Refs. 14 and 15, but that it is in fact universally applicable to all Mn rich Ni-Mn-Z Heusler alloys.
Keeping in mind the above discussion, in this letter, we report experimental investigations of a series of Ni 50 Mn 37Àx Cr x Sb 13 Heusler alloys. We performed dc magnetization and electrical resistivity measurements on the samples and evaluated the magnetic entropy changes, exchange bias effects, and magnetoresistance. Our experimental observations strongly suggest that Cr substitution suppresses the AFM interactions in the Ni 50 Mn 37Àx Cr x Sb 13 alloys, resulting in the enhancement of ferromagnetism. The alloys were prepared by conventional arc-melting in an argon atmosphere. The details regarding the sample preparation and the structural properties of the samples may be found in Ref. 17 . The dc magnetization measurements were performed using a superconducting quantum interference device (SQUID) manufactured by Quantum Design, Inc. The measurements were performed in a temperature range of 10-400 K and in magnetic fields up to 50 kOe. Direct current (DC) resistivity, using the four-probe method, was measured over the same temperature range as the magnetization measurements. To eliminate the contribution of thermoelectric effects, the current direction was reversed and an average of the voltage drops in each direction was recorded. Figure 1 shows the magnetization as a function of increasing temperature, M(T), of selected Ni 50 Mn 37Àx Cr x Sb 13 alloys. The procedure for zero-field-cooled (ZFC) and fieldcooled heating (FCH) measurements may be found in Ref. 17 . The ZFC M(T) data of the alloy with x ¼ 0 exhibit three transitions (see Fig. 1(a) ) that are typically observed in these alloys. 8, 9 The exchange bias blocking temperature, T EB , was observed at 74 K followed by the martensitic transition temperature, T M at 293 K and the ferromagnetic transition temperature of the austenitic phase, T A C at 342 K. As usual, due to pinning effects, T EB was only observed in the ZFC M(T) data. As Mn was initially replaced by a small amount of Cr (x ¼ 1), an additional transition (ferromagnetic transition temperature, T M C , of the martensitic phase) was observed in the alloy, while T M shifted to higher temperature. As x exceeds 1, T M decreases with increasing Cr, while T M C is no longer observed in the alloys (see Figs. 1(c) and 1(d) ). Figure 2 shows the M(T) of selected Ni 50 Mn 37Àx Cr x Sb 13 alloys measured at a magnetic field of 50 kOe. The thermal hysteresis observed in the M(T) data obtained while cooling and warming signifies the first order nature of the martensitic transition. For the sample with x ¼ 1, the magnetization decreases with increasing temperature as the sample approaches T M C , followed by a sharp increase at T M . With increasing temperature, the magnetization of the samples with higher concentration of Cr decreases at a relatively slower rate due to the fact that the samples do not exhibit T M C . It is also to be noted that, with increasing Cr concentration, the magnitude of the magnetization change at T M decreases for the alloys, and for the alloy with x ¼ 5, any change in magnetization at T M is hardly noticeable (see upper inset of Fig. 2) . In Mn rich Heusler alloys, the change in magnetization at T M is attributed to the suppression of the AFM interactions of the martensitic phase during the phase transition.
As shown in the lower inset of Fig. 2 , the saturation moment M S at 5 K (martensitic phase), estimated by extrapolation of magnetization curves M(H) at 5 K to infinite magnetic field, of Ni 50 Mn 37Àx Cr x Sb 13 alloy increases with increasing Cr concentration, which demonstrates the enhancement of FM interactions and the suppression of the AFM interaction. Since the AFM interactions are already diminished in the martensitic phase due to Cr substitution, the relative change of the AFM interactions to FM interactions at T M is smaller, and hence the magnitude of the magnetization change at T M decreases with increasing Cr concentration.
The reduction of AFM interactions of the martensitic phase of Ni 50 Mn 37Àx Cr x Sb 13 alloys is also reflected in the decrease of T EB with increasing Cr concentration (see Fig.  3(a) ). The magnitude of the corresponding shift of the magnetic hysteresis loop and the coercive field obtained under field cooled condition (EB effects) also reduces with increasing Cr concentration (see Figs. 3(b)-3(e) ). The EB effect 20 is an interface effect between AFM and FM regions of the martensitic phase. 21 A reduction in the AFM interactions makes it difficult for the AFM region to pin the domains of the FM region, and hence a reduction in the EB effects is observed.
This supports the claim that Cr substitution does reduce the AFM interactions in the Ni 50 Mn 37Àx Cr x Sb 13 alloys. The magnetic entropy changes, DS M , as a function of temperature (evaluated from the isothermal magnetization data using Maxwell Relation 25 ) of the alloy with x ¼ 1, are shown in Fig. 3(f) . For DH ¼ 50 kOe, peak values of %20 J=kg K in the vicinity of T M and %13 J=kg K in the vicinity of T near T M is typical for these alloys, and the alloy with x ¼ 0 also exhibit similar behavior. 13 However, the value of %13 J=kg K observed near T The temperature dependence of the electrical resistivity, qðTÞ, obtained while cooling and warming for the Ni 50 Mn 37Àx Cr x Sb 13 alloy with x ¼ 1 is shown in Fig. 4(a) . The inset of the Fig. 4(a) shows the qðTÞ for the same alloy measured at 0 and 50 kOe magnetic fields. A sharp drop in resistivity was observed in the vicinity of T M , which is a typical signature of a martensitic transition in Mn-rich Ni-Mn-Z Heusler alloys. A slope change in the qðTÞ data represents the T A C (see Fig. 4(a) ). The alloy with x ¼ 0 exhibits similar behavior as reported in Ref. 4 . As shown in the inset of Fig. 4(a) , the application of a 50 kOe dc magnetic field lowers the T M , which is also typical for these alloys. This drop of T M upon the application of a magnetic field results in large magnetoresistance (MR ¼ 100 Â (q(0) À q(H))/q(0)), and the MR of selected alloys are shown in Fig. 4(b) . For the alloys with x ¼ 1, a peak MR of %12% was observed, and the peak MR decreases significantly with increasing Cr concentration. In intermetallic compounds, including the Mn rich Heusler alloys, that exhibit a phase transition involving a change of AFM interactions, the sharp change of resistivity in the vicinity of the phase transition (T M in case of Heusler alloys) is a result of the formation of a super-zone gap. Due to the establishment of the AFM sublattice, the underlying zone boundaries get redefined giving rise to a gap at the Fermi level. The conduction electrons thus have to overcome this gap, resulting in a large anomaly in the transport properties. Therefore, the sharp drop of resistivity at T M , the lowering of T M with applied magnetic field, and the related MR in Mn-rich Ni-Mn-Z Heusler alloys are strongly dependent on the strength of the AFM interactions of the martensitic phase. The decreases of MR with increasing Cr concentration reflects the weakening of the AFM interactions in the martensitic phase, which is consistent with the observations in the magnetization data shown in Figs. 2 and 3 .
The experimental results presented above clearly demonstrate that Cr substitution in Ni 50 Mn 37Àx Cr x Sb 13 alloys suppresses the AFM interactions and enhances the resultant FM interactions in the alloys. Priolkar et al. 19 and Tan Fig. 5 , the cell volume of the Ni 50 Mn 37Àx Cr x Sb 13 system tends to increase with increasing Cr concentration. This implies that the radius of Cr is larger than that of Mn (Ni-Mn distance is larger). At this point, a question may arise regarding the possibility of Cr occupying the Ni sites. If this possibility is considered, even then the cell volume and the corresponding Ni-Mn distance will increase as the metallic radius of Ni (1.246 Å ) is smaller than both radii of Cr. In light of above discussion, it can be concluded that the increase in the Ni-Mn distance, and corresponding weakening of Ni-Mn hybridization, is the main reason behind the enhancement of ferromagnetism in Ni 50 Mn 37Àx Cr x Sb 13 alloys.
In summary, we have investigated the magnetic, structural, and transport properties of Ni 50 Mn 37Àx Cr x Sb 13 Heusler alloys. With increasing Cr concentration, suppression of AFM interactions and enhancement of the FM interactions were observed. These changes in the magnetic exchange interactions are reflected in the magnetic properties, including exchange bias and magnetoresistance. The experimental observations suggest that Cr substitution in Ni 50 Mn 37Àx Cr x Sb 13 alloys weakens the Ni-Mn hybridization, which not only destabilizes the martensitic phase transition in the alloys but also enhances the resultant ferromagnetism. 
